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ABSTRACT
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Cellular ceramics have an array of improved mechanical properties that make them
incredibly desired for different applications such as armor systems, aircraft structures, automobiles
bumpers, and biomedical implants. It is also desirable that porous architecture could be shaped
into bulk complicated shapes and easy to scale-up with low manufacturing cost. Despite several
efficient techniques to fabricate cellular ceramics, some limitations are preventing us from meeting
the high demand of the after mentioned applications. For that, freeze casting, also called icetemplating, is technique of solidifying an aqueous ceramic suspension under the effect of
unidirectional temperature gradient. In this study, Ice-templated porous specimens of different
suspension percent (20 and 30 vol.%) were processed from the ultra-fine Al2 O3 particles (d50 =
300 nm APA-0.5 Sasol, Tuscan, AZ). Porous ceramic specimens (20P and 30P), epoxy and
composites (20C and 30C) were tested under uniaxial compression without and with rigid lateral
confinement. It was found that for the porous materials, the confinement was effective and mainly
dominant in 30P materials, whereas for 20P no effect was observed. For composites, 20C and 30C
exhibited an increase in strength with rigid confinement, but the effect was more dominant in 30C
than in 20C. For epoxy, the effect of confinement was relatively moderate. Furthermore, the
compression test was stopped at the peak of the test, and the retrieved partially deformed specimens

were investigated to study the dominant inelastic deformation mechanisms for both ceramic
contents (20 and 30 vol.%) using a scanning electron microscope (SEM). The images revealed that
for 20C, using the lateral rigid confinement, the severity and intensity of material damages were
significantly reduced. For 30C materials, it can be stated that the inelastic deformation mechanisms
which caused the failure in freeze cast composites were almost the same without and with
confinement. However, the intensity of the developed kink bands was less in the presence of lateral
confinement. Also, more kink bands with higher inclination were observed inside the material on
the interior surface after removing 1 mm, so it can be stated that kink bands were generated
internally first and propagated to the exterior surface.
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CHAPTER 1: INTRODUCTION
Natural materials such as bone, teeth, fish scales and nacre show combination of strength and
toughness, which is attributed to their hierarchical microstructure [1–9]. However, we are
fascinated by the hierarchical design architectures observed in natural solids with amazing
properties to incorporate the natural design principles in the current practice of material
engineering to design well-structured and robust materials and devices. Numerical and
experimental investigations on natural cellular solids show that such anisotropic pore architecture
could be useful to improve the mechanical properties of engineering cellular solids. Cellular
ceramics, specifically, have an array of improved mechanical properties that make them incredibly
desired for different applications such as armor systems, aircraft structures, automobiles bumpers,
energy storage, and biomedical implants. It is also desirable that porous architecture could be
shaped into bulk complicated shapes and easy to scale-up with low manufacturing cost. In spite of
several efficient techniques to fabricate cellular ceramics, some limitations are preventing us from
meeting the high demand of the after mentioned applications. For that, freeze casting, also known
as ice-templating, is technique of solidifying an aqueous ceramic suspension under the effect of
unidirectional temperature gradient. It is also cost effective and has no effect on the environment
as a powder process technique. Freeze drying is the next step to remove ice crystals while keeping
the directional porous morphology, and then sintering is performed to strengthen the porous
ceramics [10–12].
Regarding the mechanical properties, numerous investigations have been conducted and focused
on the deformation and failure behavior of freeze cast ceramic-polymer composites using 3-and 4point bending tests, with focusing on the fracture toughness measurements [13,14]. While less
comprehensive studies reported the mechanical response of these composites under uniaxial
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compressive loading conditions [15–18]. This work is mainly motivated by two recent studies on
freeze cast alumina-epoxy (Al2O3-epoxy) composites which (i) investigated the relationship
between the uniaxial compressive response and the loading orientation [19] and (ii) discussed the
dominant deformation mechanisms for different directions of compressive loading relative to layer
orientation [19,20]. It was shown by Akurati et al.[19] that composites specimens exhibited highest
strength under compressive loading along with the growth direction of ice crystals; however,
strength decreased drastically away from the growth direction. It was also revealed that the
inelastic deformation mechanisms in freeze cast Al2O3-epoxy composites depends significantly on
the orientation of compressive loading relative to the growth direction of ice crystals [20]. Kink
band formation and longitudinal splitting were observed to be most dominant failure mechanisms
in freeze cast Al2O3-epoxy composites and the primary strength limiting mechanisms. Also, it was
stated that kink band formation could be the reason for the catastrophic-type compressive failure
response [20]. Many studies show that using the confinement with ceramics lead to improvement
mechanical properties [21,22], and for that, it has been used in different applications such as in
ceramic armor systems to boost armor performance [22]. More investigations are needed on the
compressive response of freeze cast Al2O3-epoxy composites under lateral rigid confinement, in
addition to analyzing the most dominant inelastic deformation mechanisms of these composites
using the confinement.
Therefore, the purpose of this thesis is twofold: (i) to study the effect of lateral rigid confinement
on both uniaxial compressive response and (ii) the inelastic deformation mechanisms in freeze cast
Al2 O3 -epoxy composites developed from both 20 and 30 vol.% aqueous suspensions. The structure
of this thesis is as follows. In Chapter 2, a brief summary on the most popular and utilized cellular
ceramics fabrication techniques, a discussion on the principles of freeze casting, a brief review on
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the rigid lateral confinement and the kink band failure mechanism developed in composites.
Chapter 3 describes the experimental set up and the operational producer of freeze casting using a
custom-made unidirectional freeze casting set up, the processing of ice-templated cellular ceramic
and fabricating the freeze cast composites. Finally, Chapter 4 shows and discuss the results of an
experimental investigations that compare the uniaxial compressive response of 20 and 30 volume
percent (vol.%) porous ceramics and composites mainly without and with the rigid confinement
and discuss the characterization of inelastic deformation mechanisms in freeze cast composites
without and with the rigid confinement using SEM. In this study, freeze cast porous ceramics
fabricated from 20 and 30 vol.% suspensions are referred to as 20P and 30P, respectively.
Similarly, freeze cast composites corresponding to 20P and 30P are referred to as 20C and 30C,
respectively.
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CHAPTER 2: LITERATURE REVIEW
2.1 CELLULAR SOLIDS, PROPERTIES AND APPLICATIONS
Cellular solids are common in nature and engineered structure; models which can explain their
mechanical behavior have boundless spread utility. Porosity, in general, is detrimental in
engineering solids because of the unwanted effects on the mechanical and functional properties in
the end of applications. However, most of the engineering solids such as metals, ceramics and
polymers contain a small percent of processing-induced porosity which is unavoidable.
Interestingly, there are a huge number of natural solids such as cork, bone, wood, sponges, leaves
and coral where constitutive materials are arranged in a fashion that creates the formation of a twothree-dimensional arrangement of pores creating highly porous architectures [23]. The
combination of both, the constitutive material(s) and the porous structure are the attributions of
the superior structural and biological functionalities of such a natural porous solid. Successful
models of cellular solids can be used to interpret and understand their observed behaviors and
expect the behaviors from a description microstructural property such as relative density and the
orientation. The edges and faces of cells are formed by an interconnected network of solid struts
or plates that make up cellular solids. The relative density of a cellular solid is its most essential
property. When the relative density increases, the cell wall thickens, and the pore space shrinks.
Thermal insulation, packaging, structural usage, and buoyancy are the most prevalent applications
for cellular materials. Most cellular solids have been used for the thermal insulation [24] in
products as simple as disposable coffee cups and as elaborate as the insulation of the booster
rockets for the space shuttle. Because of the lower thermal conductivity of the expanded plastic
foams, modern buildings, transport systems and ships take advantage of that. One more major use
of the man-made cellular solids is packaging. Due of the vast amount of packaging, an effective
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package must absorb the energy of impacts or deceleration forces without causing damage to the
contents. Cellular solids can undergo large compressive strains under almost constant stress so that
a large amount of strain can be absorbed without generating high stresses.
Many natural structural materials are cellular solids such as wood, coral and cancellous bone all
support huge static and cyclic loads, for a long time. Both shape and structure of the cells are
crucial because the properties of cellular solids depend mainly on the shape and structure of the
cells. Cellular solids have relative densities of less than 0.3, with the majority being substantially
lower [24]. Structurally engineered cellular solids can be widely categorized into honeycombs and
foams. The study of the geometry of the three-dimensional cellular solids has distinct proportions
almost like those of a honeycomb. The description of materials should be as complete as possible,
to allow the characteristics of solids to be identified. The density is straightforward: it is usually
enough to cut a block of foam and measure its dimensions and weight. But when looking for
correlations between material properties and structure, it is crucial to measure the density of each
sample since density can vary by 10% or more in the same batch of material.
Sintering loosely packed ceramic powder results in the development of open-celled porous
materials, which is how cellular ceramics are made. Sintering is a heat treatment method that
converts a powder or porous material that has already been produced into a usable solid. Heat is
used to sinter the consolidated mass of particles known as the green body or powder compact,
which is heated to a temperature between 50 and 80% of melting point.
Because the powder is heated below its melting point, the particles bind together, and the body
densifies as needed throughout the fabrication process, and this type of sintering is known as solidstate sintering. Therefore, the main objective of the sintering studies is to understand how
processing variables affect the microstructure.
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Ceramics have strong covalent bonds that give the materials higher melting points [25]. Significant
bonding has another effect: it causes strong atom-to-atom elastic coupling. This results in thermal
conductivities that are 100 times greater than those of polymers. Ceramics have a high modulus
due to their strong ionic and covalent interactions. The modulus varies somewhat with temperature.
When the cell walls of a honeycomb are compressed in-plane, they bend at first, resulting in linear
elastic deformation. Depending on the cell wall material, the cell collapses through elastic
buckling, plastic yielding, creep, or brittle fracture beyond a threshold strain [24]. Because they
are brittle materials, they tend to fracture. Because forces in the plane cause cell walls to bend, inplane stiffness and strength are the lowest. The out-plane stiffness and strengths are significantly
higher since they need the axial extension or compression of the cell walls. The brittle fracture of
the cell walls causes the cells to collapse to the point where opposing cell walls contact and
additional deformation compresses the cell material itself. The relative thickness of cell walls
increases as the relative density of honeycomb increases. The resistance to cell wall bending and
collapse increases, resulting in a larger modulus and plateau stress; and the cell walls touch sooner,
lowering the strain at which densification starts.
2.2 UNIDIRECTIONAL FREEZE CASTING OF AQUEOUS PARTICULATE
SUSPENSIONS
The replica method, direct foaming, sacrificial phase foaming, paste extrusion, amorphous bubble
bonding (ABB), and rapid prototyping are all methods for producing cellular ceramics. Cellular
ceramics are made using the processes described above for a variety of applications. Despite the
fact that control over the structure and functional properties of cellular ceramics is increasing all
the time, every processing route has an inherent limitation: each processing route is confined to a
specific range of pore characteristics. In pursuit of such processing routes, freeze casting, also
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known as ice-templating or freeze alignment, has gotten a lot of attention in recent years due to its
capacity to create bio-inspired new porous ceramics that can be post-processed to dense hybrid
materials.
The technique involves freezing a liquid aqueous suspension, then sublimating the solidified phase
from a solid to a gas state at decreased pressure, and finally sintering to consolidate and densify
the walls. When unidirectional freezing is used, a porous structure is formed, with unidirectional
channels and pores that are replicas of the solvent crystals [26].The ice growth velocity has a
significant impact on the morphological transition of the aqueous suspension during unidirectional
solidification.
Although numerous solvents have been tried, water is still the most commonly used freezing
vehicle due to the availability and resemblance of the resultant structure, both of which are
important considerations for designing bio-inspired materials. The presence of a tunable
anisotropic pore morphology with minimal tortuosity in freeze-cast porous materials is a crucial
property that makes them ideal for structural, biomedical, and energy storage applications.
Furthermore, porous ceramics with a wide porosity freeze cast have much higher compressive
strength than isotropic porous ceramics produced with conventional procedures throughout a wide
range of porosity freeze cast. Freeze casting was initially developed as a near-net shape forming
technique, yielding dense ceramic pieces with fine mold detail replication. Any ice crystal that is
transformed to porosity and introduces big size flaws into the process is unwanted in ceramic
applications. The formation and growth of ice crystals is recognized as a significant benefit if it is
correctly regulated. Characteristics of future porosity are defined during the solidification of the
slurry when the structure is developed.
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During this stage, moving of solidification rejects continuous crystals of solvent that formed under
particular conditions and grew into the slurry. The method entails freezing a liquid suspension,
then sublimating the solidified phase from solid to gas under decreased pressure, then sintering to
consolidate and densify the wall, resulting in a porous structure with unidirectional freezing, with
holes that resemble solvent crystals. In freeze-casting, the particles in suspension in the slurry are
rejected from the moving solidification front and heaped up between the growing cellular solvent
crystals.
2.3 RIGID LATERAL CONFINEMENT
The mechanical response of ceramic composites is dependent not only upon its material properties,
but also upon confinement used during the test. As confinement is important for ceramics to
achieve improved performance, it has become indispensable in many applications like, ceramic
armour systems [22]. In particular, more insight is required on the mechanical behavior of ceramics
under the influence of confinement [27]. The confining pressure can be applied using different
techniques, by using hydrostatic pressure, by electron-magnetic, or by any mechanical means [28].
Confinement in ballistic experiments can be divided broadly into two main categories: impedance
confinement and pressure confinement [29]. Impedance confinement refers to restricting ceramic
deformation using materials with different wave impedance [22]. Pressure confinement refers to
the applied compression on the ceramic before the penetration including the prestress [22]. There
are different popular used confining techniques are used through compression experiments. The
commonly applied confinement techniques are:
1. Hydraulic pressure vessel: this technique has been used widely to apply triaxial quasi-static
compression load on geological materials [30,31], and it could be used to run triaxial
compression tests with ceramics. This setup contains cylindrical vessel, where the
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hydraulic fluid inside it applies different constant fluid pressure on the specimen, while the
piston

and

anvil

are

used

to

apply

the

axial

load

on

the

specimen.

Figure. 1 shows the schematic of the hydraulic pressure vessel. Triaxial compression tests
were performed on Al2O3, BeO and B4C using the hydraulic pressure vessel by Wilkins et
al. revealing that all three ceramics exhibited higher shear strength with confining pressure
[32].
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Figure. 1: Schematic of hydraulic pressure vessel.

2. Thick confinement sleeve: This technique was built and developed to generate and apply

moderately large confining pressure on the specimen [22]. From the strain of the steel and
using simple elastic calculations, the confining pressure (generated from compressing the
cylindrical specimen by the thick steel sleeve) on the cylindrical specimen can be
determined [33–35]. A schematic of the thick confinement sleeve is shown in Figure. 2.
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Figure. 2: Schematic of the thick confinement sleeve.

3. Planar Impact: It is an efficient technique to study the dynamic compressive response of
ceramics at very high strain rate (104-105 s-1), and to characterize different ceramics [36].
In this technique, the ceramic specimen is impacted by a projectile plate as illustrated in
Figure. 3 to generate a compressive wave of uniaxial strain, where the lateral displacement
is equal to zero. As mentioned before, the planar impact is used to apply high confining
pressure at high strain rate [36].
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Figure. 3: Schematic of planar impact.

4. Shrink-fit confinement: A metal shrink fit sleeve is used to apply radial confining pressure

on the testing specimens. By heating the sleeve, it expands and the inner diameter of the
sleeve becomes bigger than the actual size, where the specimen can be inserted at that time,
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and once the specimen gets cooled down, a confining pressure is applied on the specimen
[28]. Figure. 4 shows the schematic of the shrink-fit confinement.

Figure. 4: Schematic of shrink-fit confinement.

5. Planar confinement: A controlled planar confinement technique was developed where it

can be incorporated into kolsky bar experiments to get material properties under multiaxial
dynamic loading, with static confinement [37]. To perform quasistatic planar confinement
along two of the six faces of a cuboid specimen, a confining fixture is utilized. The dynamic
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loading is applied along an orthogonal pair of faces, while the remaining pair is employed
to acquire real-time visualization (on one side) and measure axial strain with an in-situ
strain gage (on the side opposite to the camera) [37]. The confinement is achieved by the
employment of a T-block device, which employs four tightened bolts to deliver the force.
The method is readily calibrated using a gage block, which is used to apply equal torque
incrementally to each bolt such that the confining stress is nominally uniform throughout
the specimen [37]. The schematic of planar confinement is shown in Figure. 5.

Figure. 5: Schematic of planar confinement.
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2.4 KINK BAND FAILURE MECHANISM IN COMPOSITES
There are different failure modes for the compressive failures of composites, three final failures
are most common: elastic micro-buckling, plastic micro-buckling, and fiber crushing. Kink band
failure is also called plastic micro-buckling or fiber kinking. It is included from material data for
eight different carbon fiber-reinforced composites that kink band formation is the dominant mode
of failure in compression [38]. By analyzing a load-displacement curve for a composite
compressed along the fiber direction, the curve was divided into four regions: the linear elastic
region, the incipient kinking region, the transient kinking region and the steady-state band
broadening region [38]. Initially, the deformation is linear elastic, but before reaching the peak
stress some non-linearity was observed, where it is associated with the incipient kinking. The
following is describing the observed three kinking regions:
1. Incipient kinking:
During the last few decades, researchers have focused on predicting compressive strength,
specifically the stress at which incipient kinking occurs. The start of matrix plastic flow
within a coherent zone characterizes this region [38]. The start of matrix plastic flow within
a coherent zone characterizes this region. The applied stress at the onset of incipient
kinking, also call compressive strength or incipient kinking stress, which is close to the
peak stress, all these three terms may be used alternately. The incipient kinking refers to
the area of non-linearity that leads to the peak stress. It was argued that kinking is a shearing
instability initiated as a result of the resolved shear stress in the direction of the misaligned
fibers reaching the shear yield stress of the matrix [38]. In another study, it was assumed
the kinking is controlled by the resolved shear transmitted to the matrix between misaligned
fibers [39]. From that, they proposed a criterion, which states the incipient kinking occurs
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when the resolved shear stress along the misaligned fiber reaches the shear yield stress of
the composite. It must be noted that the sensitivity of incipient kinking stress is high to the
imperfections. The resistance to the initiation of fiber misalignment can be improved by
minimizing the fiber misalignments and increasing the longitudinal shearing resistance of
the composites [39].

Figure. 6: Uniaxial compression load-displacement curve showing three distinct stages of
kinking [38].
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2. Steady-state band broadening:
During the early stages of kink band formation, the peak stress is reached. It was observed
experimentally that the peak stress is not more than 5 to 10% of the incipient kinking stress
[39]. The material within the band begins to soften geometrically as a result of the gradual
bending/shearing deformation, and the load begins to drop. Fiber rotation inside the kink
band is halted at some point during this process. Since the fibers inside the kink band are
now locked in their orientation, the softest mode of deformation which can accommodate
the continued overall end shortening of the specimen is band broadening [38]. Band
broadening occurs when fiber bends (at the kink band's edges) move outward into the
unkinked material, similar to a pair of dislocations moving apart from one another. The
kink band remains fixed at a significantly steeper orientation than the initial kink band
throughout this broadening stage. The mechanism of band broadening resembles neck
propagation in some polymers, which is referred to as "cold drawing" [39]. During this
stage, the unkinked material of the band is in uniaxial compression, while the kinked
material inside of the band has experienced deformation characterized by the shear angle
𝜙 [39].
3. Transient kinking:
The transient regime connects incipient and steady-state kinking, where it is unstable and
dynamic. Transient kinking is a complicated phenomenon, because the band both orientates
itself to the final orientation of the band broadening and propagates across the specimen
during this stage. In one study [38], it was observed that the fibers within the band are
rotated away from their starting position by few degrees. As the displacement increases,
the fibers inside the band and the band itself continue to rotate. The bending moment
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carried by the fibers and the resolved shear stress on the matrix inside the band both rise as
the rotation progresses. Eventually, the peak stress of the specimen is reached. Following
that, the load drops rapidly and for long specimens the load displacement curve may show
substantial “snap back”. The elastic elongation of the material outside the band when the
load decreases rapidly form the peak stress is the cause of the snap back. It is very difficult
experimentally to capture transient kink bands and snap backs due to their unstable nature
[38].
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CHAPTER 3: PREPARATION OF FREEZE CAST POROUS CERAMICS
AND FABRICATION OF COMPOSITES
3.1 EXPERIMENTAL SET UP AND OPERATIONAL PRODUCER OF FREEZE CASTING
The ice-templating process has attracted the scientific field since it has an increasing effect during
the last few years, especially in the field of porous ceramic fabrication. Freeze Casting as a process
typically involves solidification of a particulate suspension under the influence of unidirectional
temperature gradient that facilitates anisotropic growth of solvent crystals. For that, freeze casting
requires a special device that can enable the unidirectional freezing of particulate suspensions
under well-controlled cooling conditions. The technique is so simple in principle, but still there is
no commercial set up available yet that can be employed to fabricate materials under unidirectional
freezing conditions. In the following, a short brief description of the used setup in this study is
provided followed by a detail discussion of the step-by-step operating producer applied during
freeze casting. The main components of this setup are a liquid Nitrogen (L-N2) Dewar, a thin steel
plate (also called cold finger, thickness ~0.5 mm), and a cryogenic temperature measurement
system that records the temperature of the suspensions during the freezing process as low as 100°C. The Dewar used in this experiment was thermally insulated, cylindrical vacuum flask with
3 L capacity. The Dewar was placed on a thick aluminum base plate where all components of the
device are attached. Leveling screws with rubber discs are attached to the base plate to ensure that
the plate is parallel to the ground, and to avert all the vibrations. Adjustable stoppers are attached
to the top surface of the base plate to fix the Dewar at the center of the plate. The temperature
measurement system is placed on the metal plate which is connected to the base plate. A metal
plate is attached to one side of the base plate in order to fix the Dewar at the center of the plate.
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A long metal sleeve concentric with the threaded rod rests on a circular nut, which is attached to
the rod. Rotating the nut results moving the long metal sleeve vertically along the threaded rod.
Two L-shaped hollow arms that are attached to the setup. One arm is called L-N2 level indicator
where its end is fixed to a large metal disk, which is attached to the long metal sleeve towards the
upper end, while a small metal plate is fixed at the end of the other arm. A funnel is attached to
the end of the L-N2 level indicator at the top, that is used to pour L-N2 into the Dewar. The
mechanism was designed to allow measuring the L-N2 level within the Dewar and modify the gap
between the top surface of L-N2 and the cold finger. The other L-shaped arm holding the cold
finger is attached to a short metal sleeve from one end, where the short metal sleeve is concentric
with the long metal sleeve. A digital micrometer was attached to the short metal sleeve to adjust
the gap between the top surface of L-N2 and the cold finger, where the movement of the spindle of
the micrometer controls the vertical movement between the short metal sleeve along with the long
sleeve. The cold finger (a thin steel plate) is metallographically polished on both sides, and the
plate’s circular shape (diameter ~90mm) aids in maintaining a uniform temperature distribution
over the cold finger. As shown in Figure. 7 (f), the cold finger is not directly linked to the L-shape
metal arm, but rather through a Teflon connector to reduce heat transmission from the metal arm
to the cold-finger. The angle between the cold-finger and the metal arm is 90o, which keeps the
cold-finger parallel to the L-N2 surface inside the Dewar. Before starting the experiment, both the
metal plate on the L-N2 level indicator and the cold-finger should be at the same height from the
base plate. A 4-channel thermocouple data logger and a T-type thermocouple (Omega Engineering
Inc., Stamford, CT) are used to detect low temperatures. The thermocouple is mounted to the upper
surface of the cold finger. A T type thermocouple was chosen because it is suited for extremely
low temperature applications (such as cryogenics and ultra-low freezers) and has outstanding
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repeatability in the temperature range of -200°C to 350°C, with an accuracy of +/- 1°C and
sensitivity of roughly 43 μV/°C [information: Omega Engineering Inc.].

Figure. 7: Images of the actual components of the custom-made freeze casting device [23].
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The operating setup is shown in Figure. 7 describing each component. Figure. 7(a) shows the
thermally insulated container, which is called Dewar. Figure. 7(b) represents the base plate, which
holds the Dewar with stoppers mounted on it, leveling screws are placed under the base plate to
support it and to ensure the base plate is parallel to the ground. Figure. 7(c) represents the L-shaped
arms for L-N2 level indicator and cold finger, threaded rod, and circular nut. Figure. 7(d) represents
digital micrometer, short metal sleeve, large metal disc and spindle. Figure. 7(e) shows the data
logger and Figure. 7(f) shows the cold finger [23].
3.2 OPERATING PRODUCER OF FREEZE CASTING
In this section, the operating producer of freeze casting device is described in detail. The first step
in freeze casting experiment is thus to ensure that the Dewar holds the required amount of L-N2
(1.75 L). For that, the L-N2 level indictor is put inside the Dewar as shown in Figure. 8(a), which
can move vertically on the threaded rod to quantify the desired volume of L-N2 in the Dewar.
Afterwards, through the funnel, the L-N2 is poured into the Dewar until the top surface of the liquid
touches the metal plate of the L-N2 level indicator as shown in Figure. 8(b). When the liquid
reached the metal plate of the level indicator, the desired volume of L-N2 (1.75L) is present within
the Dewar. Afterwards, the level indicator is moved out of the Dewar. Then, using the digital
micrometer, the gap between the cold finger and the top surface of L-N2 is adjusted. As the spindle
moves out of the micrometer, the L-shaped arm containing the cold-finger moves upward and the
vertical distance between the cold-finger and the level indicator is read and measured using the
digital micrometer. By adjusting the gap between the cold-finger and L-N2 level, the freezing front
velocity (FFV, growth rate of ice crystals) is controlled. In the next step, a hollo Teflon tube (Inner
diameter 18.5 mm and outer diameter 26 mm, height of 25 mm) is placed on the cold-finger, which
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is utilized as a mold to keep the ceramic suspension in place during the freeze casting process.
Both ends of the Teflon tube are polished to make sure it is flat, and the bottom surface of the
Teflon tube is parallel with the cold-finger. For each experiment, a little quantity of grease is added
to the bottom surface of the mold to glue the mold on the cold-finger. Also, the grease was used to
ensure that there is not leakage of the suspension from the bottom of the mold during the freeze
casting process. During transferring the suspension to the mold, care was taken to ensure that no
air bubbles are entrapped within the suspension, which may cause defects in processed materials
later. At this stage, and to ensure that the mold is only subjected to only unidirectional temperature
gradient during freeze casting, the Teflon mold was radially insulated using high-density
polymetric foam. By using the insulation around the mold, the thermal gradient from the sides was
avoided as explained schematically in Figure. 8(c). Similarly, the upper part of the inner wall of
the Dewar is insulated to reduce the radial thermal gradient to the mold as shown in Figure. 8(d).
After filling the mold with the desired amount of the suspension, the entire assembly is put inside
the Dewar and the cold-finger temperature dropped immediately from the room temperature. This
step initiates the unidirectional freezing of the suspension. The gap between the cold-finger and
the L-N2 surface was maintained at 4 mm and 8 mm for 20 and 30 vol.% aqueous suspensions,
respectively, to achieve comparable FFV, 28.5 ± 2.0 μm/s. The length of the freezing process
varies within the range of 9-12 minutes.
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Figure. 8: Schematic representation of the step-by-step operational procedure of the
unidirectional freeze casting set up [23].
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3.3 PROCESSING OF CELLULAR CERAMICS USING FREEZE CASTING SET UP
In this section, all steps of preparing ceramics will be explained in detail provided by images and
schematics designed for this thesis for more clarifying. Few representative scanning microscope
(SEM) images of the sintered porous alumina (Al2O3) ceramics are shown to demonstrate the
difference of morphology in 20 and 30 vol.% porous ceramics.
Initially, the specimens were fabricated from Alumina (Al2O3) ceramic and an epoxy resin
(EpoxiCure 2, Buehler). From aqueous suspensions with two different suspension percent (20 and
30 vol.%) of ultra-fine Al2O3 particles (d50 = 300 nm APA-0.5 Sasol, Tuscan, AZ). A specific
amount of deionized (DI) water and measured quantity of Al2O3 particles were put into one
Nalgene bottle. 1 wt. % of anionic dispersant (Darvan-C, R.T. Vanderbilt Co, Norwalk, CT) was
added to guarantee consistent dispersion of Al2O3 particles into DI water. Calculated quantity
(based on the suspension percent) of Zirconia (ZrO2) spheres of diameter 5 mm was added to each
suspension before milling (30 rpm speed) for 24 hours to avoid any agglomeration of the mixture
during the milling time. After completion of ball milling, a binder, poly-(2-ethyl-2-oxazoline), of
5 wt.% (of powder) and DI water were heated for 10 minutes at 200 Co on an electric stove and
once the binder solution became fully dissolved and transparent, it was added to the mixture and
an additional hour of rolling was performed at 10 rpm. After one hour of mixing, the milling media
was separated using a filter and the suspension was de-aired using a device where the vacuum
pump is connected to a container (pressure 0.1 MPa) for 30 minutes.
Later, a unidirectional freeze casting was performed to solidify the aqueous suspension of two
compositions: 20 and 30 vol.% ceramic content due to the influence of a temperature gradient that
facilitates the growth of solvent crystals. A custom-made unidirectional freezing device developed
in the Laboratory of Extreme and Energy Materials (LEEM) at Old Dominion University was used
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during this study [23]. More details about the ice-templating process can be found here [16,23,40].
A hollow cylindrical Teflon mold was filled with the aqueous suspension and placed on a steel
plate (“Cold finger”). Then the plate and the filled mold were inserted inside a bottle filled with
L-N2 on specified gaps between the bottom of the cold finger and the top surface of L-N2, based
on the suspension content to cast the samples at relatively high FFV. Suspension of 20 vol.% Al2O3
were placed 4 mm (gap) above the L-N2 to get solidified at high FFV (28.4 ± 1.9 μm/s), whereas
materials from 30 vol.% Al2O3 were placed 8 mm above the L-N2 and processed at relatively high
FFV (28.6 ± 1.4 μm/s). The frozen samples were stored in a freezer temporarily. The approximate
diameter and height of frozen samples were 18.5 mm and 20 mm respectively. The frozen samples
were dried (Freeze Dryer 2.5L, Labconco, Kansas City, MI) for 96 hours at low pressure and
temperature (0.014 mbar and -50oC, respectively) to get rid of the ice inside the samples. After the
completion of freeze-drying, the samples were sintered in a furnace (KSL-1700X, MTI
Corporation, Richmond, CA) using the following cycle shown in Figure. 9. In this process, the
temperature varies with the time to compact and form a solid mass of the material by heat below
its liquification point.
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Figure. 9: Schematic diagram of sintering cycle for green samples.
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All the processing steps used to prepare the porous ceramic using freeze casting in this thesis are
shown in Figure. 10.

Figure. 10: Processing steps of porous ceramic fabrication using unidirectional freeze casting.

The average height and diameter of sintered porous Al2O3 samples were 17.2 ± 2.8 mm and 15.6
± 0.2 mm, respectively. A 6 mm x 6 mm x 6 mm cube specimen was extracted at a height of 5 mm
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from the bottom of the sample from each sintered cylinder, as shown schematically in Figure. 11.

Ice-growth direction

The same steps were followed to prepare each porous sample during the whole study.

6 mm

5 mm

6 mm

Figure. 11: Schematic shows extracting porous ceramic specimen from the sintered cylinders.

Figure. 12 shows SEM images of 20P and 30P specimens, where the images were captured
perpendicularly to the growth direction of ice crystals. In 20P materials, the pore morphology is
lamellar, which is characterized by large, elongated pores with negligible lamellar bridges as
shown in Figure. 12a. In 30P materials, pore size considerably decreased, and bridge density
increased, resulting in dendritic morphology, Figure. 12b.
A 20P material has a reduced ceramic content, as well as a lamellar morphology with larger pores
and few lamellar bridges between ceramic walls. 30P materials, on the other hand, have a higher
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ceramic content as well as a dendritic morphology with smaller pores and a higher density of
lamellar bridges. Even with the same ceramic content, changing the morphology from lamellar to
dendritic can increase the compressive strength of freeze cast ceramics considerably, and the effect
of the morphology becomes more dominant with ceramic volume fraction. [19].

Figure. 12: SEM images of ice-templated (a) 20 vol.% sintered porous Al2O3 and (b) 30 vol.%
sintered porous Al2O3.

31

3.4 FABRICATION OF FREEZE CAST COMPOSITES
Some extracted sintered porous ceramic specimens were infiltrated later with a low viscosity epoxy
resin (EpoxiCure 2, Buehler, Lake Bluff, IL) to get the ice-templated Al2O3-epoxy composites.
Regarding the polymer infiltration, an epoxy hardener (EpoxiCure 2 Hardener, Buehler) was added
and mixed as a curing agent with an epoxy resin (EpoxiCure 2, Buehler, Lake Bluff, IL). The
mixture was pressurized inside a vacuum desiccator under 0.1 MPa to release any entrapped air
bubbles. Then, the sintered Al2O3 specimens were submerged by the epoxy mixture and placed
inside the vacuum desiccator for 30 minutes under 0.1 MPa and the specimens were flipped two
times to make sure that they are fully infiltrated. The infiltrated specimens were wiped up and
cured at room temperature for 24 hours. An epoxy specimen was extracted from each epoxy
mixture for comparison aims. After 24 hours, all composite specimen’s surfaces were ground and
polished gradually using 120, 320, 600, and 1200 grit silicon carbide papers, and some samples
were polished using 6 and 3 µm diamond pastes, prior to imaging using SEM. The same
compositions (epoxy hardener and epoxy resin) were used to prepare epoxy samples of 6x6x6 mm
dimensions to be tested later with and without confinement to study the effect of confinement on
epoxy as well.
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CHAPTER 4: A COMPARISON OF UNIAXIAL COMPRESSIVE
RESPONSE AND INELASTIC DEFORMATION MECHANISM OF
FREEZE CAST COMPOSITES OF TWO DIFFERENT CERAMIC
CONTENT
4.1 EXPERIMENTAL
4.1.1 PREPARATION OF AQUEOUS CERAMIC SUSPENSION
Ice-templated porous specimens of different suspension percent (20 and 30 vol.%) were processed
from the ultra-fine Al2O3 particles (d50 = 300 nm APA-0.5 Sasol, Tuscan, AZ). For each ceramic
content, and in a Nalgene bottle, the required amount of deionized (DI) water, Al2O3 particles, and
anionic dispersant (Darvan-C, R.T. Vanderbilt Co, Norwalk, CT) 1 wt.% relative to Al2O3 were
mixed. To ensure well dispersion of Al2O3 particles in DI water, Darvan-C was added. Followed
by adding zirconia (ZrO2) spheres of diameter 5 mm in the mass ratio of 4:1 relative to Al2O3
powder. Afterwards, the suspension was ball milled at 30 rpm for 24 hours. After completion of
ball milling, a binder, poly-(2-ethyl-2-oxazoline), of 5 wt.% (of powder) and DI water were heated
for 10 minutes at 200 Co on an electric stove and once the binder solution became fully dissolved
and transparent, it was added to the mixture and an additional hour of rolling was performed at 10
rpm. The milling media was separated using a filter after one hour of mixing, and the suspension
was de-aired using a device where the vacuum pump is connected to a container (pressure 0.1
MPa) for 30 minutes.
4.1.2 FREEZE CASTING AND SINTERING
A custom-made device was used for the unidirectional freeze casting of the Al2O3 suspensions. In
this set up, a small cylindrical Teflon tube (also called mold) is placed on the top of a thin (0.5 mm
thickness) steel plate (also called “Cold-finger”), and small amount of grease is applied on the
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bottom surface of the mold to glue the tube on the Cold-finger and to ensure there is no leakage of
the suspension from the bottom during the freeze casting process, then it is filled with Al2 O3
suspension. Then the mold was radially insulated using high-density polymetric foam to avert any
thermal gradient from the sides. Similarly, the upper part is insulated to minimize radial thermal
gradient to the mold. The whole assembly is next inserted within a liquid nitrogen (L-N2) Dewar,
and the ice crystals nucleate and grow from the bottom of the suspension to the top under an
influence of the applied temperature gradient. The FFV can be controlled by adjusting the gap
between the top surface of L-N2 and the Cold finger, which leads to unidirectional temperature
gradient. During the freeze casting process, the temperature change can be measured using a
thermocouple connected to the top surface of the Cold finger. In this study, the gap between the
Cold-finger and the L-N2 surface was maintained at 4 mm and 8 mm for 20 and 30 vol.% aqueous
suspensions, respectively, to achieve comparable FFV, 28.5 ± 2.0 μm/s. The length of the freezing
process varies within the range of 9-12 minutes. The FFV was calculated by dividing the frozen
sample height with the required time to complete the sample solidification. After freeze casting,
the frozen samples were removed from the mold and stored in a freezer temporarily. The
approximate diameter and height of frozen samples were 18.5 mm and 20 mm respectively. The
frozen samples were dried (Freeze Dryer 2.5L, Labconco, Kansas City, MI) for 96 hours at low
pressure and temperature (0.014 mbar and -50oC, respectively) to get rid of the ice inside the
samples. After the completion of freeze-drying, the samples were sintered in a box furnace (KSL1700X, MTI Corporation, Richmond, CA).
4.1.3 ESTIMATION OF RELATIVE DENSITY, POROSITY
In this study, the sintered density (𝜌∗) of extracted porous ceramic specimens was calculated from
the measurements of mass (m) and volume (v) using the following equation: 𝜌∗ = m/v. Relative
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density of the specimens was calculated from 𝜌r = 𝜌∗∕𝜌s, where 𝜌s is the bulk density of Al2O3 is
3.96 g/cm3. 𝑝t = (1 − 𝜌r) × 100 was used to calculate the total porosity of the porous specimens.
Surfaces of composite specimens were gradually ground and polished using 120, 320, and 600grit silicon carbide (SiC) papers. Density of the composites was calculated from the measurements
of mass (m) and volume (v) as 𝜌comp = m/v where m and v are mass and volume of the composite
specimens. 𝜌r of each extracted ceramic specimen provides a theoretical estimation of the
composition (i.e., volume fractions of ceramic and polymer phases) of the corresponding
composite specimen, supposing the infiltration was fully (100% infiltration). For example, a
porous Al2O3 specimen with 𝜌r 0.25, theoretically estimated volume fractions of ceramic and
polymer phases would be 0.25 and 0.75, respectively, for the corresponding composite specimen.
Based on that, theoretical density of (𝜌comp(cal)) of the composite specimens was estimated using
the rule of mixtures as 𝜌comp (cal) = (Al2O3 volume fraction × 3.96) + (epoxy volume fraction ×
1.16), where 3.96 g/cm3 is the bulk density of Al2O3 and 1.16 g/cm3 is the bulk density epoxy,
respectively.

𝑝 t (vol%)

𝜌 comp (g/m3)

𝑝 t (comp)

20C

67.5

1.97 ± 0.03

4.25 ±1.16

30C

52.2

2.45 ± 0.1

Composite ID

Table 1: Variation of density 𝜌

comp

and porosity (𝑝

t (comp))

3.46 ± 2.5
ice-templated Al2O3 – epoxy

composites with porosity (𝑝 t) of ice-templated sintered Al2O3 samples before infiltration.
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The relative density of the composite specimens was calculated from 𝜌r(comp) = 𝜌comp ∕ 𝜌comp (cal).
To calculate the total porosity in the composite specimens, 𝑝t(comp) = (1 – 𝜌r(comp)) ×100 was used.
The total porosity of ceramic and composite specimens, and the relative density for different
suspensions are presented in Table 1.
4.1.4 CHARACTERIZATION OF UNIAXIAL COMPRESSIVE RESPONSE WITHOUT AND
WITH RIGID CONFINEMENT
Porous ceramic specimens (20P and 30P) were tested under uniaxial compression using a
mechanical testing machine (Tinius Olsen, model 10ST) equipped with 10 kN load cell. While
uniaxial compression tests of ceramic composite specimens (20C and 30C) were performed using
a mechanical testing machine (MTS, ALLIANCE RF/300) equipped with 300 kN load cell.
Compression tests in both mechanical testing machines were performed with a displacement rate
of 0.5 mm/min, 10-3/s strain rate. 6 mm x 6 mm x 6 mm samples’ dimensions were mechanically
loaded along with the growth direction of ice crystals. A special loading setup consists bottom
loading platen and a spherical-seat attached to the top loading platen was used to ensure uniform
pressure over specimen surface and improved alignment.
The fixed platen in the bottom provides a stable base for the sample, while the upper sphericalseat was used to compensate any loading misalignment. The movable part of the top platen was in
neutral position using springs. At least 7 specimens were compressed uniaxially without the
confinement and with rigid confinement. To mitigate the friction effect on the test, specimen
surfaces in contact with the loading platens and the internal confinement cell walls were lubricated
using a petroleum jelly.
A confinement cell was developed and fabricated to perform uniaxial compression tests for
porous ceramic, composites, and epoxy specimens. The confinement cell was made out from
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Ultra-Wear-Resistant AR500 carbon steel bar with high yield strength of 1.4 GPa to ensure that
the cell will not plastically deform during the tests.

Figure. 13: Rigid lateral confinement made using Ultra-Wear-Resistance steel.

The design of the rigid confinement cell is shown in Figure. 13. The confinement cell consists of
4 main parts, 2 sleeves and 2 loading pistons. The sleeves are tightly held using 6 bolts and nuts,
and the specimen was housed inside the grove between the sleeves. Using 2 sleeves was purposely
done in order to disassemble the confinement cell after each test to remove the deformed specimen.
4.1.5 CHARACTERIZATION OF INELASTIC DEFORMATION MECHANISMS
The compression test for some specimen was stopped at the maximum stress of each specimen
(referred to as peak stress, sp). The retrieved partially deformed specimens were investigated to
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study the dominant inelastic deformation mechanisms for each both ceramic contents (20C and
30C) using a desktop SEM (Phenom Pure, Thermo Fisher Scientific). One side of each retrieved
specimen (exterior surface) was imaged to check the deformation mechanisms. As shown in
Figure. 14, only one side surface (exterior surface) was imaged of a deformed specimen for
deformation mechanisms.

Figure. 14: Imaging one side of the retrieved sample Using SEM before and after removing
1mm.

To investigate the damages characteristics, the damages were tracked from the exterior surface to
the interior surface by removing 1 mm depth of the material, and then the surface was imaged as
shown in Figure. 15. For this purpose, the material was carefully removed from the surface of a
retrieved deformed composite specimen by grinding using 600 grit SiC paper, and then the interior
surface was polished gently using 1200 grit SiC paper and 6 and 3 µm diamond pastes, prior to
imaging the surface using SEM. The same study was performed for both 20C and 30C composites
deformed without and with using the rigid confinement.
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Figure. 15: Removing 1 mm of the material to image the interior surface of the specimen.

4.2 RESULTS
4.2.1 MATERIALS CHARACTERIZATION
Figure. 16 shows the variation of 𝜌comp and pt(comp) of the 20C and 30C composite specimens with
pt of the extracted freeze cast sintered Al2O3 materials (20P and 30P). The porosity of 20P and 30P
specimens were in the range of 66-69 and 50-54 vol.%, respectively. The porosity of 20C and 30C
specimens was roughly around 4 vol.%. For that, almost complete infiltration was considered in
the infiltrated composite specimens. 𝜌comp of 20C and 30C specimens were slightly below 2 g/cm3
and in the range between 2.3-2.5 g/cm3, respectively. As discussed before, SEM images of 20P
and 30P specimens show that the pore morphology of 20P materials is lamellar, characterized by
large, elongated pores with neglected lamellar bridges. While in 30P materials, a dendritic
morphology was observed with higher bridge density and significantly less pore size than 20P
specimens. All captured SEM images for the purpose of studying the materials morphology for
20P and 30P were taken perpendicularly to the growth direction of ice crystals.
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Figure. 16: Variation of density, 𝜌 comp, and porosity, p t(comp), of ice-templated Al2O3 - epoxy
composites with porosity, p t, of ice-templated ceramics.

4.2.2 UNIAXIAL COMPRESSIVE RESPONSE OF FREEZE CAST COMPOSITES
It is shown in Figure. 17a-e the uniaxial compressive response of 20P, 30P, epoxy, 20C and 30
specimens without and with using the rigid confinement. Figure. 17f shows the maximum
compressive strength (p) values of 20P, 30P, 20C and 30C specimens. While at least 7 specimens
were tested in each case, only few stress-strain curves are shown in Figure. 17a-e, representing the
material response.
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Figure. 17: Variation of uniaxial compressive response of (a) ice-templated 20P, (b) icetemplated 30P, (c) epoxy, (d) ice-templated 20C, (e) ice-templated 30C, and (f) peak stresses of
all tested porous and composite samples.

Some specimens experienced an abrupt drop of stress beyond peak stress, which we refer to as
catastrophic-type (brittle-like) failure, while some other specimens exhibited a decrease in strength
beyond peak stress gradually, which we refer to as progressive-type (ductile-like) failure. The
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compressive response of 20P specimens was nearly same without and with rigid confinement, with

p values ranging from 17 to 24 MPa. A progressive-type failure was observed in these materials.
In comparison with 20P specimens, the strength of 30P specimens even without confinement was
clearly higher, with p in the range 60-70 MPa. Using the rigid confinement, a significant increase
in strength of some specimens was observed. The p values of all 30P specimens with confinement
were in the range 76-240 MPa. Thus, it can be stated clearly that there is an increasing trend of
compressive strength in 30P materials with rigid confinement. Also, the stiffness of 30P specimens
increased with rigid confinement. 30P specimens showed catastrophic-type failure and
progressive-type failure with and without rigid confinement, respectively.
Some pure epoxy specimens were tested with and without rigid confinement to study the uniaxial
compressive response. The uniaxial compressive response of pure epoxy as shown in Figure. 17c
is characterized by a linear stress-strain part (elastic deformation), plastic strain-softening regime,
and stress plateau regime [41].
The stress plateau regime reduced with confinement, and epoxy appeared to exhibit strainhardening behavior. The yield strength of epoxy was between 55-65 and 67-80 MPa without and
with confinement, respectively. The yield strength of the epoxy was slightly higher using the rigid
confinement.
Regarding composites, 20C and 30C specimens exhibited a linear stress-strain response up to the
peak stress. p of the 20C specimens was between 180-550 and 275-635 MPa without and with
confinement, respectively. Therefore, a moderate increase in strength of 20C materials occurred
using the rigid confinement. However, the confinement effect was much greater on 30C
specimens. The range of p without confinement was 340-600 MPa, while it is between 470-860
MPa with confinement. From the previous represented data in Figure. 17, it suggests that for the

42

porous materials, the confinement was effective and mainly dominant in 30P materials, whereas
for 20P no effect was observed. For composites, 20C and 30C exhibited an increase in strength
with rigid confinement, but the effect was more dominant in 30C than in 20C. For epoxy, the effect
of confinement was relatively moderate. As a result, the foregoing findings point to significant
connections between the strength of porous ceramic and composite strength. As the strength of
porous ceramics increased, the strength of composites also increased, which is consistent with a
prior study by Akurati et al. [19].
30P materials showed an increasing trend in strength with confinement, and the corresponding
composites showed a much greater increase in enhance. As a result, both ceramic volume fraction
and freeze cast microstructure have an influence on composite strength, with confinement having
the most dominant effect. With increasing the ceramic volume fraction from 20 to 30 vol.%, the
compressive strength of freeze cast porous ceramics increases, where strength increase is related
to the variation in ceramic content and morphology [19].
20P lamellar morphology is characterized with large pores and low density of lamellar bridges
between ceramic walls. While for 30P materials have higher ceramic content and dendritic
morphology with smaller pores and high density of lamellar bridges. By changing the morphology
from lamellar to dendritic, even with the same ceramic content, the compressive strength of freeze
cast ceramics can increase significantly, and the morphology effect becomes more dominant with
ceramic volume fraction [19].
The stress-strain curves of freeze cast composites show a decrease in stiffness with the rigid
confinement, while opposite trend is observed in 30P and epoxy. The behavior of the materials
suggesting that with the rigid confinement, strength in freeze cast composites increased but the
stiffness decreased which is not well understood. Note that for all stress-strain curves, compliance
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correction tests were performed every time. Using the same confinement cell, some aluminum
samples were tested, which also showed that the stiffness is higher without rigid confinement than
using the confinement for different L/D ratio.
4.2.3 INELASTIC DEFORMATION MECHANISMS IN 20C COMPOSITES
The following SEM images reveal inelastic deformation characteristics on exterior and interior
surfaces in the retrieved partially compressed 20C materials without and with confinement. The
imaged side surfaces are parallel to the ice crystal growth direction and loading direction. For
retrieved deformed specimen, the entire exterior side surface is shown. Figure. 18 and Figure. 19
show the damage characteristics on the exterior surface and interior surface without rigid
confinement, respectively.

Figure. 18: Representative SEM images of 20C Unconfined before removing 1mm.
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Figure. 19: Representative SEM images of 20C Unconfined after removing 1mm.

Without confinement, on the exterior surface as shown in Figure. 19, different damage features are
observed starting by multiple longitudinal cracks causing axial splitting along the loading direction
(indicated by green arrows) and many deformed regions are tilted relative to the loading direction
(indicated by yellow dashed boxes). The delamination along Al2O3-epoxy interfaces is the cause
of the longitudinal cracks. Higher magnification SEM image in Figure. 20a reveals more details,
where it shows more damage characteristics within one of the tilted regions on the exterior surface.
The interface delamination and brittle damage within Al2O3 walls are clearly observed within the
tilted region. Figure. 20 shows higher magnification SEM images of deformation mechanisms in
particular spots on the exterior surface and interior surface of the specimens without (a, b) and
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with rigid confinement (c, d). In SEM images, gray and white areas correspond to epoxy and Al2O3
phases, respectively.

Figure. 20: Representative SEM images of (a) High magnification of 20C unconfined before
removing 1mm where a kink band is observed with axial splitting along with loading direction
(b) high magnification of 20C unconfined after removing 1mm where the kink band is shown on
the interior surface (c) high magnification of 20C confined before removing 1mm where an axial
splitting along with loading direction is observed and (d) high magnification 20C confined after
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removing 1mm where the kink band is relatively shown on the interior surface after removing
1mm.

Shearing instability causes the tilting which is similar to kink / deformation band. Kink band is
highly localized deformed region, which is a dominant failure mechanism fiber-reinforced
polymer composites compressed in the fiber direction [41–45].
Kink banding (called also plastic micro-buckling) is caused by inherent fiber misalignment and
plastic shear deformation in the matrix. In previous study by Akurati et al. [20], it was reported
that both axial splitting and kink banding are the dominant failure mechanism in freeze cast Al2O3epoxy composites. Röthlisberger et al. [46] reported kink banding in freeze cast tungsten (W)–
copper (Cu) composite due to uniaxial compression.
The interior surface of 20C without confinement is shown in Figure. 19 after removing 1 mm depth
of the material. By tracking the surficial damages on the exterior to the interior surface, the
intensity of material damage was significantly minimized. In comparison with the exterior surface,
the observed damages on the interior surface are much less within the kinked regions. The soft
matrix phase experiences severe plastic shear deformation (matrix yielding) within the kink band
area, while the fibers bend if they can resist the rotation during kink banding; otherwise, they
break. These features are observed clearly within the kink band region as shown in Figure. 20a
and 20b.
Due to the severe rotation and greater plastic strain, epoxy walls on the exterior surface
experienced sever plastic deformation, furthermore, the individual walls broke apart at some
places. After removing 1 mm of depth from the material, the interior surface of the specimen shows
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that the epoxy walls experienced rotation but stayed intact. While Al2O3 walls experienced severe
brittle damage and fragmentation, however, the damage was relatively less in the interior region.
To keep up with the rotation of the surrounding epoxy walls, each Al2O3 wall experienced brittle
fracture at many locations during the rotation of the epoxy walls through plastic deformation.
Figure. 21 and Figure. 22 compare damage characteristics on the exterior surface and interior
surface with rigid confinement, respectively.

Figure. 21: Representative SEM images of 20C Confined before removing 1mm.
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Figure. 22: Representative SEM images of 20C Confined after removing 1mm.

With confinement, on the exterior surface (Figure. 21), axial splitting can still be observed,
however, they were less in comparison to without confinement. Higher magnification SEM image
in Figure. 20c shows axial splitting due to delamination at Al2O3-epoxy interface.
Nonetheless, kink banding was almost absent on the exterior surface with rigid confinement.
Few kink bands were observed on the interior surface of the deformed specimen with rigid
confinement, where axial splitting was not observed as shown in Figure. 20d.
Without and with confinement, the inelastic deformation mechanisms which caused the failure in
Longitudinal cracks were formed along with the growth direction of ice crystals and loading
direction, whereas kink bands were developed at an angle relative to the loading direction.
However, with the rigid confinement, the developing of theses mechanisms was less prominent.
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As a result, using the lateral rigid confinement, the severity and intensity of material damages due
to the after mentioned discussed mechanisms were significantly reduced.
4.2.4 INELASTIC DEFORMATION MECHANISMS IN 30C COMPOSITES
The following SEM images reveal inelastic deformation characteristics on exterior and interior
surfaces in the retrieved partially compressed 30C materials without and with confinement. The
imaged side surfaces are parallel to the ice crystal growth direction and loading direction. For
retrieved deformed specimen, the entire exterior side surface is shown. Figure. 23 and Figure. 24
show the damage characteristics on the exterior surface and interior surface without rigid
confinement, respectively.

Figure. 23: Representative SEM images of 30C Unconfined before removing 1mm.
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Figure. 24: Representative SEM images of 30C Unconfined after removing 1mm.

On the exterior surface of 30C without rigid confinement, high intensity of damages was observed.
Prominent damage features are several longitudinal cracks which cause axial splitting along with
the loading direction as indicated by green arrows, furthermore, many deformed regions titled
relative to the loading direction as indicated by yellow dashed boxes in Figure. 23. The main reason
behind the longitudinal cracks is the delamination along Al2O3–epoxy interfaces.
Higher magnification SEM image in Figure. 25a reveals more details about the inelastic failure
mechanisms, specifically showing the damage characteristics within one of the tilted regions. An
interface delamination is clearly observed within the tilted region. Figure. 25 shows higher
magnification SEM images of deformation mechanisms on the exterior surface and interior surface
of the specimens without (a, b) and with rigid confinement (c, d).
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Figure. 25: Representative SEM images of (a) High magnification of 30C Unconfined before
removing 1mm where the lamella walls are slightly bent relative to the loading direction (b) high
magnification of 30C unconfined after removing 1mm (c) high magnification 30C confined
before removing 1mm where Al2O3 walls are tilted relative to the loading direction and (d) high
magnification 30C Confined after removing 1mm.
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Figure. 26 and Figure. 27 compare damage characteristics on the exterior surface and interior
surface with rigid confinement, respectively.

Figure. 26: Representative SEM images of 30C Confined before removing 1mm.
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Figure. 27: Representative SEM images of 30C Confined after removing 1mm.

To track the exterior surface damages, 1 mm depth of the material was removed to reveal the
damages on the interior surface of 30C without confinement.
Higher magnification images of the interior surface of 30C without confinement are shown in
Figure. 25b. Less intensity of material damages can be observed on the interior surface by tracking
the inelastic deformation mechanisms from the exterior surface. Both kink band and axial splitting
are still observed internally, but with less severity and intensity.
With confinement, on the exterior surface (Figure. 26), higher intensity of axial splitting can be
observed than the same material without confinement on the exterior surface. Kink bands were
few in numbers compared to without confinement. Higher magnification SEM image in Figure.
25c shows the kink band region on the exterior surface where the walls are clearly titled relative
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to the loading direction. However, with confinement, kink banding was barely observed on the
exterior surface. With confinement, on the interior surface of the deformed 30C specimen (Figure.
27), axial splitting was still observed with less intensity, however, more kink bands can be seen.
It can be stated that the inelastic deformation mechanisms which caused the failure in freeze cast
composites were almost the same without and with confinement. However, the intensity of the
developed kink bands was less in the presence of lateral confinement.
4.3 DISCUSSION
More kink bands with higher inclination were observed inside the material on the interior surface
after removing 1 mm, so it can be admitted that kink bands were generated internally first and
propagated to the exterior surface. SEM images of 20C suggest correlation between the kink band
formation and the confinement in 20C specimens. Using the confinement, less kink bands were
observed. This is because kink band which developed from micro-buckling is classified into two
types, namely type 1 and type 2. Type 1 (shear) kink bands accommodate a lateral displacement
of the fibers, while type 2 kink bands comprise conjugate pairs forming chevrons with tilting
relative to the wall’s direction [47]. Figure. 28 shows a schematic diagram of both kind band
types: type 1 (shear), and type 2 (chevron (V-shaped)).

55

Figure. 28: Schematic diagram showing the two fiber micro-buckling (kink band) types here
referred to as: (a) type 1 (shear), and (b) type 2 (chevron (V-shaped)).

The rigid confinement does not allow the kink band to expand laterally or tilting relative to the
walls direction, which results in less kink band intensity with the confinement. Therefore, it can
be stated that there is a clear relation between the kink band formation and the confinement for
20C specimens. Similar to the after mentioned observations, kink bands in 30C specimens show
higher inclination on the interior surface with and without confinement, proving that the kink band
was originally developed inside the specimen and then propagated to the exterior surfaces. Similar
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to 20C, SEM images of 30C suggest correlation between the kink band formation and the
confinement in 30C specimens. Using the confinement, clearly less kink bands were observed on
the exterior and interior surface of the specimens.

Exterior surface

Interior surface

Cases and angles

Avg β (o)

Avg 𝜙 (o)

Avg β (o)

Avg 𝜙 (o)

20C Unconfined

36.3 ± 3.3

24 ± 5

39 ± 3.5

24.3 ± 2.4

15 ± 0

18 ± 0

32 ± 1

26 ± 0

23 ± 7.34

20.66 ± 2.49

29 ± 2

26 ± 1

15± 0

17± 0

23 .5± 4.5

21 ± 3

20C Confined
30C Unconfined
30C Confined

Table 2: Kink band orientation β and inclination angle of fiber 𝜙 values for 20C and 30C with
and without confinement on the exterior and interior surfaces.

Some studies have focused on the kinking and the post-peak behavior by analyzing the kink band
geometry. The experimental observations and quantifications of kink band could be used to specify
the trend of Al2O3 walls tilting during the study over different cases. The kink band geometry of
Al2O3 was described using the kink band orientation 𝛽, and the inclination angle of fiber 𝜙 as
shown in Table 2. An average of 𝛽 and 𝜙 was calculated using the angles of all kink bands for
each surface separately. More kinking in 20C than 30C was observed, where 𝛽 and 𝜙 values in
20C samples are higher than 30C samples. 𝛽 and 𝜙 values are higher on interior surfaces than
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exterior surfaces with and without the rigid confinement for 20C and 30C. The rigid confinement
could decrease the kink band severity on the exterior surfaces for 20C and 30C, where 𝛽 and 𝜙
values for unconfined samples are higher than the confined samples as shown in Table 2.
4.4 CONCLUSION
In this investigation, Ice-templated porous specimens of different suspension percent (20 and 30
vol.%) were processed from the ultra-fine Al2O3 particles (d50 = 300 nm APA-0.5 Sasol, Tuscan,
AZ). Porous ceramic specimens (20P and 30P), epoxy and composites (20C and 30C) were tested
under uniaxial compression without and with rigid lateral confinement. It was found that for the
porous materials, the confinement was effective and mainly dominant in 30P materials, whereas
for 20P no effect was observed. For composites, 20C and 30C exhibited an increase in strength
with rigid confinement, but the effect was more dominant in 30C than in 20C. For epoxy, the effect
of confinement was relatively moderate. Furthermore, the compression test was stopped at the
peak of the test, and the retrieved partially deformed specimens were investigated to study the
dominant inelastic deformation mechanisms for both composites (20C and 30C) using a desktop
SEM. The images revealed that for 20C, using the lateral rigid confinement, the severity and
intensity of material damages were significantly reduced. For 30C materials, it can be stated that
the inelastic deformation mechanisms which caused the failure in freeze cast composites were
almost the same without and with confinement. However, the intensity of the developed kink bands
was less in the presence of lateral confinement. Also, more kink bands with higher inclination were
observed inside the material on the interior surface after removing 1 mm, so it can be stated that
kink bands were generated internally first and propagated to the exterior surface.
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